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Erosion and deposition laws are required as boundary conditions in morphodynamic models. Numerous experiments 
have been performed on the Gironde mud, leading to a wide range of semi-empirical erosion/deposition parameters. 
These differences will be analysed in order to highlight possible differences coming from the composition of the mud 
which varies spatially within the estuary. 
Additional experiments were performed at the RWTH laboratory, in order to study the erosion behaviour of the Gironde 
mud. Measurements were performed on pure mud issued from the Patiras bank in the central part of the estuary.  
The first part of the paper will be a presentation of the erosion and deposition experiments. The experiments will be 
then modelled using the Telemac system: this modelling exercise allows to calibrate the erosion and deposition 
parameters in order to reproduce the raw data sets (time-varying concentration of a given water depth and imposed 
bed shear stress). 
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I INTRODUCTION 
Numerous numerical models have been developed in the past in order to predict sediment transport rates 
and bed evolutions in estuaries. These process-based sediment transport models can be applied at medium 
time scales (of the order of decades) and basin scales (10-100 km). However, despite tremendous progress in 
numerical methods and in description of physical processes, the degree of accuracy in morphodynamic 
model results remains difficult to assess and also less than for the hydrodynamics alone. Indeed, sediment 
transport models rely on the choice of transport formulae and empirical parameters which are difficult to 
accurately determine. 
The Gironde macro-tidal estuary, located South-West of France, illustrates the combined complexity of the 
natural forcing (tide and river discharge) and the diversity of sediment (sand, mud and mixture of sand-mud). 
We focus our attention on the central part of the estuary, which is characterised by a complex 
geomorphology, with numerous islands, elongated banks and multi-channels. The bed sediment is very 
heterogeneous in size and nature (eg. Boucher, 2009 and  Villaret et al. 2010). The analysis on 39 samples 
taken during the field investigation in the central part of the estuary clearly shows 3 types of sediment: (i) 
Pure mud located in the quiet areas and on the tidal banks (lee of the Patiras island); (ii) Fine sand 
predominant in longitudinal banks; (iii) Mixture of mud and sand. Other samples were taken in July 2010 in 
the lee of the Patiras island (right hand side, 300m from the tip). This pure mud sample was used in the flume 
experiments (cf. § III). 
                                                
1 Corresponding author 
353
ICSE6  Paris - August 27-31, 2012                                                                                                               - Van, Villaret, Pham van Bang, Schuettrumpf  
 A 2D hydrodynamic model of the whole estuary (170 km extension) was developed and validated by 
Huybrechts et al. (2012) in the framework of the finite element Telemac system. This flow model has been 
coupled to the 2D sediment transport model Sisyphe (Villaret et al., 2011). The main difficulty arises from 
the representation of the high heterogeneity in the sediment bed composition. For the non-cohesive (sand) 
sediment, the poly-dispersity of sediment size is handled through a multi-class approach in the sediment 
transport model (Villaret et al., 2012). The model has been recently extended to include cohesive sediment 
processes by including a new consolidation model (Van et al., 2011). However, in cohesive sediment 
transport modelling, the determination of erosion/deposition parameters remains one challenge and is an 
essential step. 
This paper presents an experimental and a numerical investigation of the erosion/deposition of the Gironde 
mud. It aims to validate the choice of empirical erosion/deposition parameters for pure cohesive sediment 
(pure mud). The paper is organised as follows. Part II describes briefly the role of erosion/deposition laws in 
numerical models, and presents a literature review on the experimental parameters of the Gironde mud. Part 
III updates these results based on the new experimental results. Part IV presents the numerical model and its 
calibration on the new data. Part V explores the prospects for developing and improving this study. 
II EROSION/DEPOSITION LAWS: A LITERATURE REVIEW  
II.1 Role of erosion/deposition laws in sediment transport models 
Fine cohesive sediments are transported in suspension and follow a classical transport/diffusion equation. 
This equation is similar to the transport equation of a passive scalar (e.g. temperature, salinity...) with an 
additional term to represent the vertical settling term. In 3D, the suspended sediment mass concentration 
C(g/l) verifies:   
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where t is time, z is the vertical axis directed upwards, Ws is the vertical downward velocity (Ws>0) an γt the 
turbulent diffusion coefficient (= *u zκ ) in which κ  is the Karman constant, u* is the shear velocity. 
Here we neglect the horizontal diffusion fluxes in comparison to the vertical diffusion term. The effect of 
particles in suspension on the flow turbulence is neglected. This restrictive assumption implies that 
concentrations are small. More important, the erosion E and deposition D fluxes, defined by Eq. (2) and (3), 
need to be specified at the bed, in order to determine the exchange of mass between the water column and the 
sediment bed: 
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The depth-averaged form of this equation is solved in the 2D sediment transport model Sisyphe: 
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where C  is the depth-averaged mean concentration, h is the water depth, and (U ,V ) are the x and y
components of the depth-averaged horizontal velocity.  
The erosion and deposition rates need to be specified as a function of hydrodynamic bed shear stress τb and 
bed properties.  The following classical Krone-Partheniades laws are applied (Partheniades, 1962): 
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where M is the erosion parameter (kg/m²/s), u*e the critical erosion velocity (m/s), and ρ the density of water 
(kg/m3). 
   The deposition rate is represented by the deposition law: 
354
ICSE6  Paris - August 27-31, 2012                                                                                                               - Van, Villaret, Pham van Bang, Schuettrumpf  
*
2
* *
*
* *
1
0
s d
d
d
u
D W C if u u
u
D if u u
? ? ?? ?? ? ?= − <? ? ?? ?? ? ?? ??
= >?
      (6) 
where Ws is the settling velocity (m/s) , u*d, the critical deposition velocity (m/s). 
In total, there are four parameters to be calibrated: the erosion parameter (M), the critical erosion velocity 
(u*e), the settling velocity (Ws) and the critical deposition velocity (u*d). The following part is the literature 
review on the existing data. 
II.2 Data compilation on erosion – deposition experiments on the Gironde mud 
Deposition parameters
The settling velocity of the Gironde mud in quiescent fluid has been measured by various researchers using 
different preparation methods or devices. It is mainly determined by analysing the vertical distribution of 
concentrations in laboratory canals. This method gives the values varying between 0.1 and 5 mm/s for 
concentration between 0.1 and 20 g/l (PAB, 2002). Migniot (1984) and Boutin (1993) treated sediments with 
potassium permanganate in order to stop the influence of organic fraction. The former investigated the effect 
of flocculation on settling velocity at low concentration, whilst the latter considered the hindered settling 
regime. According to both studies, the settling velocity varies between 0.1 and 0.5 mm/s depending on the 
suspended sediment concentration.  
In former experimental studies (e.g. Migniot & Bellessort, 1970 (reported by Davesne & Kovacs, 1979); 
PAB, 2002), the authors did not provide sufficient information on the experiments (preliminary treatment of 
sediment, testing device or procedure). Differences in the detailed experimental procedure (physical 
properties of water, geographical position of sampling point, preliminary treatment of sediment,...) could 
explain the high variability in the measurement results. For instance, as reported by Davesne and Kovacs 
(1979), Migniot & Bellessort (1970) obtained Ws between 0 and 0.3 mm/s at low concentrations (less than 17 
g/l) and pointed out the high sensitivity of the settling velocity on salinity which strongly affects the flocs 
characteristics.  
 In recent experimental studies such as Gratiot et al. (2005) and Sottolichio et al. (2011), the settling 
velocity of mud was measured using new measurement technologies (INSSEV video system, and OBS 
turbidity-meter respectively). While in Gratiot et al. (2005) the sediment was chemically treated to limit the 
effects of organic matters, Sottolichio et al.(2011) used the natural sediment. However, both gave similar 
results as seen in figure 1 below. 
Figure 1: Settling velocity versus sediment concentration of the Gironde mud in quiescent fluid 
The critical deposition velocity was only measured by the Port Authority of Bordeaux (2002) which 
provides u*d between 0.017 and 0.022 m/s. 
Erosion parameters
Migniot & Bellessort (1970), Bonnefille et al. (1971) and Cormault (1971) realised erosion tests in a 
straight hydraulic flume. Sediment beds were prepared at different concentrations using the Gironde mud. 
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Port Authority of Bordeaux (2002) made a synthesis on existing experimental works and established a 
general function between the critical friction velocity for erosion and the sediment concentration. 
Figure 2: Erosion parameters of the Gironde mud: critical friction velocity for erosion (left), kinetic 
parameter M (right). 
The critical erosion velocity, u*e of all measurements are in good agreement as shown on Figure 2 (left). 
However, large differences are obtained for the erosion factor M – as illustrated in Figure 2 (right). 
This short review on the available data on the Gironde estuarine mud illustrates the high variability of 
experimental results on the erosion – deposition parameters. Indeed the characteristics of flocs (size, density) 
are extremely dependent on the water property (pH, salinity for instance) which is poorly detailed by the 
authors. This lack makes the compilation of data for the Gironde mud (and certainly for other similar 
estuarine mud) extremely risky as far as a shared protocol does not exist. 
III NEW EXPERIMENT ON DEPOSITION/EROSION OF THE GIRONDE MUD 
III.1 Owen tube 
The settling velocity of the Gironde mud was measured in Owen tubes (Owen, 1976). The tubes (120 cm 
high, 25 mm inner diameter) have an outlet tube of 8 mm (inner diameter) at the lower end (Figure 3). For 
the present experiment, the Owen tubes were filled up to 100 cm with fresh water and sediments (5 g/l and 
6.6 g/l). A mixing procedure (upside down mix) was first applied to obtain a homogeneous suspension. 
Then, the tube was immediately placed in a rack and fixed in vertical position. The matter leaving the tubes 
at the outlet tube was sampled over the time and weighted so that the weight percentages remaining in the 
tube is determined. (Figure 3). 
The test on suspension prepared at 6.6 g/l shows a decrease with time and is used to calibrate the settling 
velocity (cf. IV.1). The last value of the 5.5 g/l measurement is considered as measurement error. 
Figure 3: Owen tubes results : tubes (left), weight percentage remaining in the tube (right) 
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III.2 Erosion/Deposition experiments 
Description of the annular flume
The annular flume (Figure 4) of Rheinisch Westfälische Techniche Hochschule (RWTH, Aachen, 
Germany) was used to perform measurements on erosion/deposition process on Gironde mud samples (July, 
2010). It consists in a circular channel (mean diameter of 3.0 m), side walls (curved 8 mm glass segments) 
and a circular top lid. This latter is used to adjust the water depth by setting its position and to drive the flow 
(Couette type). 
This type of flume offers an endless flow that is well-suited for investigation of cohesive sediment 
transport as no pumps or inflow/outflow conditions are disturbing the flocculation process (Schweim et al., 
2001). A calibration procedure was previously done to set the ratio of rotational speeds of flume and lid in 
order to obtain optimal flow conditions, i.e. uniform flow and minimised secondary flows. 
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Figure 4: Annular flume (RWTH, Aachen, Germany). 
Experimental protocol
The cohesive bed (4 cm high) has been prepared at 300 g/l: 57 kg of moist mud was mixed with water 
(salinity 7.5 g/l as estimates in real estuary) and pumped into the flume. The water level was kept at 35 cm 
level and the sediment was let consolidating until it reached the desired concentration of 300 g/l. 
   The experiment consisted in reproducing a tidal cycle with an increasing (erosion) and a decreasing 
phase (deposition) as illustrated by Figure 4 (bottom right). The increasing (or decreasing) phase was 
realised in 8 steps (1 hour) of constant bottom shear stress from 0.1 to 0.8 N/m² (or 0.8 to 0.1 N/m²). 
During the experiment, concentrations have been measured by conventional turbidimetry and sampling the 
suspension: this provides depth-averaged concentration after calibration. The bottom shear stress has been 
measured previously during the calibration procedure from Laser Doppler Velocimetry (LDV).  
Test results
Figure 5: Concentration signal during the erosion test (left) and deposition test (right).  
Figure 5 (left) presents the results with stepwise increase of bottom shear stress. The sediment 
concentration was simultaneously measured by bottom samples (noted concentration in figure 5) and derived 
from the turbidity measurements (noted continuous concentration). Two erosion processes which are 
commonly observed for cohesive bed are recovered. For bottom shear stress lower than 0.3Pa (t<10800s), 
floc erosion (or surface erosion) is observed. From 0.4 to 0.6 Pa the erosion rate is relatively low until mass 
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erosion starts at a bottom shear stress of 0.7 Pa (t>21600). Afterward, the depth averaged concentration is 
constant at 33.8 g/l. This phenomenon may due to the fact that there is no remaining sediment to be eroded. 
Figure 5 (right) presents the concentration signal during the deposition test (stepwise decreasing stage) which 
is almost constant during the first steps. A slight reduction of concentration is observed for bottom shear 
stress smaller than 0.3 Pa and an important decrease for value smaller than 0.2 Pa.
IV NUMERICAL SIMULATIONS 
In this section, three experiments are simulated in order to calibrate the erosion/deposition parameters. The 
first simulation deals with a settling column with the objective to calibrate the settling velocity. The two next 
models are to produce erosion and deposition tests. All simulations are carried out using Sisyphe. 
IV.1 Settling velocity 
Following Thorn (1981) we assume the general formulae 
(1 )
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      (7) 
where Ct is the transition concentration at which the settling velocity is maximum, a, b, α, β, δ are 
empirical coefficients. The former refers to the flocculation regime and the latter refers to the hindered 
regime. 
    The initial concentration of the settling test in Owen tube is 6.6 g/l, so we assume that only the 
flocculation regime is concerned. Or we need to determine three parameters a, b, Ct in the first formula. 
As we know, the experiment was realised under quiescent conditions. Therefore, according to the 
experimental results of previous authors given in figure 1, the transition concentration is estimated to be 4.5 
g/l. The two parameters a, b were determined by calibrating the model based on the measurement results 
(figure 3).  
 The proposed settling velocity formula for the Gironde mud in quiescent fluid in flocculation regime reads: 
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The function of settling velocity on sediment concentration is shown in figure 6 (left). 
To model the settling experiment, we consider a uniform domain at rest with initial water depth of 1 m (for 
the sake of simplicity we assume a square domain of 20 m x20 m with 4624 nodes, similar results would be 
obtained with a different geometry). All the boundaries are solid walls. The initial concentration is set at 6.6 
g/l and the bed concentration is set equal to 100 g/l. A time step of 1 second is selected. 
Figure 6 (right) presents the model results against measurement for the time-varying depth-averaged 
concentration. We observe a good agreement between measurements and model in figure 6 for the proposed 
formula (8). So we consider the proposed formula of settling velocity for low concentration as satisfactory. 
Figure 6: Calculated settling velocity versus sediment concentration of the Gironde mud in quiescent 
water (left) and comparison between modelled and measured depth averaged concentration with time 
(right) 
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IV.2 Model set up for erosion and deposition test 
A straight channel of 1 m width and 16 m length, with 891 nodes is built to model the erosion and 
deposition processes. The water level is set equal to 0.35 m as in the experiment. In order to reproduce the 
time-varying bottom shear stress, the flow mean velocity U is calculated using the following formula: 
*
0ln( / ) ln(( / ) (30 / ))s
u
U z z z e k
κ κ
= =
×
    ( 9) 
where u* is the shear velocity (m/s), κ is Karman constant,  z is the distance above bed (m), z0 is the 
roughness height = ( / 30)se k and  ks  is the Nikuradse’s roughness (m). 
( / ²)b N mτ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
u* (m/s) 0.01 0.014 0.017 0.02 0.022 0.025 0.026 0.028 
U (m/s) 0.206 0.292 0.357 0.412 0.461 0.505 0.546 0.584 
Table 1: Imposed velocity field in deposition and erosion models 
The time-varying depth-averaged concentration only depends on the applied bed shear stress (set of 
equations 4, 5 and 6). Secondary currents are neglected in the simulations. 
During the experiments, both erosion and deposition processes may occur simultaneously. In modelling, 
we first calibrate the two processes separately, and then simulate them simultaneously later. Only the final 
results will be presented. The consolidation process is not computed in this study. However the consolidation 
effects are taken into consideration since different layers having different concentrations are set. A time step 
of 1 second is used for both models. 
IV.3 Erosion 
In the erosion test, the initial suspended concentration was about 150 g/l. The test starts when the bed 
concentration of 300 g/l is reached. 
In the model, if we fix a 4 cm of sediment bed at the concentration of 300 g/l, there would be much less 
erosion than in the experiment. Therefore, we assume that the measured bed concentration is the sediment 
bottom layer, and there are several layers of less consolidated sediment above this layer. Four layers of 
concentration are set. The three above layers are composed of unconsolidated sediments, and are supposed to 
be eroded with low bottom shear stress. The fourth layer represents the consolidated bed which is mentioned 
in the experiment. The total thickness of these four layers is 4 cm.  
The critical bed shear stress for deposition is selected equal to 0.3 N/m2 and the settling velocity is assumed 
to be constant and equal to 1.7 mm/s (which is half of the maxium settling velocity in turbulent fluid as 
reported by different authors (eg. Gratiot et al., 2005, Sottolichio et al., 2011). 
The critical bed shear stress for erosion is calibrated according to the measurement and the review in 
section 3.2. The acquired values are in the same order with the measured critical erosion velocity of Migniot 
& Bellessort (1970). The Partheniades coefficient M is calibrated against the measurement. These values are 
equal to the measured values of Bonnefille et al. (1971), except the last value. It can be explained that the 
parameters of the last layer represent the “mass-erosion”, which may not be involved in previous  
experiments. 
Layer Concentration 
(g/l) 
Thickness (cm) 
*eτ (N/m²) M(kg/m²/s) 
1 150 0.4 0.1 1.86×10-3
2 200 0.7 0.22 4.4×10-3
3 250 0.4 0.35 8.0×10-3
4 300 2.5 0.47 0.132 
Table 2 : Bed structure and attached parameters in erosion model
359
ICSE6  Paris - August 27-31, 2012                                                                                                               - Van, Villaret, Pham van Bang, Schuettrumpf  
Figure 7 presents the depth-averaged concentration calculated by model and measurement. We can observe 
an agreement between measurement and model. Or the model represents the two types of erosion which were 
mentioned in the experiment: “floc-erosion” and “mass-erosion”.  
Figure 7: Comparison between modelled and measured concentration in erosion test 
IV.4 Deposition 
In the experiment, the deposition test was started after the occurrence of a mass erosion, when the depth-
averaged concentration reaches 33.8 g/l and remains constant. This phenomenon was explained by either the 
water column is saturated with suspended solids or there is no remaining sediment to be eroded.  
In fact, the numerical results of the erosion test confirms the latter hypothesis. At the end of the erosion 
test, all 4 cm thickness of sediment bed is eroded, and there is no more  sediment at the bed.  
In deposition model, the initial and boundary concentrations are fixed at 33.8 g/l as in the experiment. The 
bed concentration is fixed at 300 g/l. 
As described in the measurement, the settling starts when the bottom shear stress is lower than 0.3 N/m². 
Within the first five hours ( bedτ = 0.8-0.3 N/m²), there is no deposition. During the next hour, it falls slowly, 
and then decreases sharply within 2 hours until the end of the test. From this analysis, the critical bed shear 
stress for deposition is calibrated equal to 0.3 N/m², then the critical deposition velocity in the model is 0.016 
m/s. 
At the beginning of the deposition test, the high turbulent flow can induce the flocs breakage and therefore 
reduce the hindered settling. In the model the settling velocity is calibrated equal to 30 μm/s at the first stage 
(6th hour)  and rises up to 45 μm/s at the second stage (7th and 8th hour). This small values correspond to the 
settling velocity of primary mud particles.  
The calculated depth-averaged concentration are compared against the measured values as seen in Figure 
8. In this figure, the decrease of the modelled concentration shows two steps as in the measurement. In 
general, the model captures well the decrease in the depth-averaged concentration. However, at t = 54400 s, 
after descending continuously, the depth-averaged concentration increases slightly and the continues to 
decrease. This is not observed in the model’s result. This can be explained that the previous deposited 
sediment is then eroded, and brings more sediment up to the water column. In the model, since we fix the 
sediment bed concentration of 300 g/l, therefore the erosion can not take place. Since there is no information 
of the concentration of the sediment bed in deposition test, it is recommended to reduce it in order to 
reproduce this phenomenon.  
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Figure 8: Comparison between modelled and measured concentration in deposition test 
V CONCLUSIONS 
The erosion and deposition laws are essential to calculate the bed evolution and the concentration in  
morphodynamic models. The parameters of these laws depend on the type of mud, its concentration and its 
composition. The falling velocity is itself also a function of concentration of the suspension and the state of 
flocculation. These parameters must be determined experimentally. 
The Gironde estuary sediment is characterised as an alternation of sand, mud, random debris and sand-mud 
mixture. Several 2D or 3D hydro-sedimentary models have been constructed for Gironde estuary, however, 
the selected parameters shows a large variability (in particular in M and Ws) despite a literature review step. 
This can be explained by  non homogeneous and unreliable protocols. 
To overcome this lack, we realised the new experimental tests on the erosion and deposition processes, 
which have been simulated to calibrate parameters. The good agreement between measured and modelled 
erosion and deposition fluxes was obtained . This gives access to better modelling the morphodynamic of the 
Gironde cohesive sediment, and sand/mud mixtures in the near future. 
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